Effects of gold nanoparticle incorporation on the photoanodic properties were studied for fluorescein-, rose bengal-and nile blue A-deposited TiO2 film electrodes prepared by the sol-gel method. The incor poration of gold particles decreased the dye-induced photoresponse in the visible region, which was ascribed to the retarded electron transport in the conduction band due to the Schottky barriers at tita nia/gold interfaces. The extent of decrease in photoresponse, however, was the smallest for the elec trode sample with rose bengal, whose optical absorption well overlapped the surface plasma resonance of the gold particles. The dipole-dipole coupling between rose bengal molecules and gold particles was thought to enhance the photochemical processes, resulting in smaller reduction in the photoresponse.
Introduction
TiO2 is one of the promising candidates for pho toanode materials that split water in solar energy con version cells because of its high chemical and photoe lectrochemical durability. TiO2 has low solar energy conversion efficiencies, however, of only less than 4% because of its wide bandgap. Dye sensitization is one of the methods to extend the photoresponse of wide gap semiconductor electrodes to the visible region, where the photoexcited electrons of the dye molecules are transferred to the conduction band of the semiconductor.1),2) The sensitizing quantum yield (electrons per photon absorbed by the dye), however, tends to be low, about 10-2, in practice. Two causes for the low quantum efficiency are possible;3) (1) a fast back-reaction between the in jected electron and the oxidized dye molecule and (2) a fast quenching of the excited dye through a rapid energy transfer between the adsorbed dye molecules. Spitler3) studied the photoelectrochemi cal properties of ZnO electrodes with various surface coverages of dyes and concluded that the fast back reaction is responsible for the low quantum efficien cy. In order to overcome this difficulty, O'Regan and Gratzel4) prepared dye-sensitized, high surface area polycrystalline anatase electrodes. The electrodes ex hibited high yields for the collection of photoexcited electrons from the adsorbed dyes owing to their large surface area, and showed high efficiencies for the conversion of incident photons to electrical cur rents (more than 80%) and a high overall light-to electric energy conversion of 7.1-7.9% in simulated solar light.
In the previous work,5) we prepared TiO2 film elec trodes containing Au or Ag metal particles in the sur face layer by the sol-gel method, and found that the visible region photoresponse emerged with the metal particle incorporation. We attributed it to the pho toexcitation of the surface state electrons that was enhanced by surface plasma resonance of the metal particles. It is known that surface plasma resonance of small metal particles locally enhances incident electromagnetic field. The enhanced field is then ex perienced by dye molecules in the vicinity of the metal particles, resulting in enhanced optical absorp tion of the dye molecules.6)-12) Based on a simplified electromagnetic theory, Nitzan and Brus6) have predicted that photochemistry can also be enhanced near small metal particles or rough metal surfaces. Therefore, it is expected that incorporation of small metal particles in dye-sensitized semiconductor elec trodes can enhance the optical absorption of the dyes and consequently the injection of electrons into the electrode conduction band.
In the present work, dyes with optical absorption in various wavelength regions were deposited on the surface of the sol-gel derived TiO2 film electrodes containing dispersed Au metal particles, and the pho toelectrochemical properties were studied in order to examine the effect of the metal particle incorpora tion on the dye sensitization. Optical absorption spectra Fig. 3 . Current-potential curves of the film electrode samples with or without the dye deposition and Au particle incorporation .
3.2 Current-potential curves Figure 3 shows the current-potential curves of the electrode samples. The anodic photocurrent of the plain TiO2 electrode was slightly decreased by depositing the dyes. The anodic photocurrent of the dye-deposited samples was further decreased when Au particles were incorporated.
3.3 Action spectra Figure 4 shows the action spectra of the electrode samples measured at a bias potential of 1V vs . SCE. Photoresponse emerged in the visible region when the dyes were deposited on the TiO2 electrode . The fluorescein-deposited sample showed a pho toresponse peak at 500nm (Fig. 4 (a) ) , which is slightly shifted to longer wavelengths compared to the fluorescein-ethanol solution (Fig . 1) . The rose bengal-deposited sample showed a photoresponse peak at 560nm (Fig. 4 (b) ), which is almost the same as the absorption peak of the rose bengal ethanol solution (Fig. 1) . The nile blue A-deposited sample showed a broad photoresponse in the visible region ranging up to 700nm. In the fluorescein and nile blue A-deposited samples, an additional small peak was observed at 560nm. In the visible region, the maximum quantum efficiency per absorbed pho ton was 3.4, 0.5 and 0.1% for the fluorescein-, rose bengal-and nile blue A-deposited samples, respec tively. In all cases, the dye deposition decreased the photoresponse in the ultraviolet region. As seen in Fig. 4 , the Au particle incorporation decreased the photoresponse of the dye-deposited samples in the visible and ultraviolet regions. The ex tent of the reduction of the ultraviolet photoresponse is almost the same between the three samples. That of the visible photoresponse, however, differs from sample to sample, in the order, fluorescein>nile blue A>rose bengal. In the rose bengal-deposited sample, the photoresponse was increased at 600 800nm when Au particles were incorporated.
4. Discussion 4.1 The effect of the dye deposition on the pho toresponse of the TiO2 film electrodes The visible region photoresponse emerged as seen in Fig. 4 when fluorescein, rose bengal or nile blue A was deposited on the TiO2 film electrodes. The ac tion spectrum peaks were observed at almost the same wavelength regions as those of the dye-ethanol solutions. This indicates that the photoresponse in the visible region is caused by the electron injection from the excited dyes into the TiO2 conduction band. The action spectrum peak was slightly red-shifted in the fluorescein-deposited sample compared to the dye-ethanol solution, which is probably due to the different states between the dye molecules adsorbed on the electrode surface and those contained in the solution. For fluorescein and nile blue A-deposited samples, an additional small photoresponse peak was observed at 560nm. This may be caused by the excitation of electrons from the surface states of the electrodes. Additional surface states are thought to be formed by the adsorption of the dye molecules.
The photocurrent of the electrode samples illumi nated by the Xe lamp light decreased slightly when any dyes were deposited (Fig. 3) . The decrease in the UV photoresponse, which is observed in the ac tion spectra (Fig. 4) , is responsible for the decrease in the photocurrent under the white light illumina tion (Fig. 3) . The decrease in the UV photoresponse is thought to be caused by the dyes acting as the recombination center for the photogenerated elec tron-hole pairs.
4.2 The effect of the Au particles on the pho toresponse of the dye-deposited TiO2 film electrodes A band model can be illustrated for the present electrodes by taking account of the Schottky barri ers formed at the TiO2/Au and TiO2/solution inter faces in the same manner as described elsewhere.5) Figure 5 shows the band model for the present TiO2 electrodes under illumination in an aqueous solution of pH=7 at a bias potential of 1V vs. SCE. The bare TiO2 surf ace has the conduction band edge at -0.5 V vs. SCE, which corresponds to the flat band poten tial of the present electrodes. The conduction band drops by 1.5V in the interior of the electrode be cause of the anodic polarization with a bias potential of 1 V vs. SCE. Since the work function of Au is 5.1 eV and the electron affinity of TiO2 is 4.0eV, a Schot tky barrier of 1.1V height is formed at the TiO2/Au interface. According to Nakato et al. When the optical absorption wavelength of the dye overlaps with the surface plasma resonance of Au particles, the absorption of the dye would be en hanced by the large oscillating electric field resulting from the surface plasma resonance,6)-8) causing en hanced dye sensitization. The present experimental results, however, showed that the dye-induced pho toresponse in the visible region was decreased when Au metal particles were incorporated in the dye deposited TiO2 overlayer. One reason for the decreased dye sensitization is the retarded transpor tation of the conduction band electrons caused by the Schottky barriers at TiO2/Au interfaces; the bar rier can disturb the electron transport and also can trap the electrons in the depletion layer around it. Another possible reason is the back-reaction of the in jected electrons to the dyes, which is promoted by the Au particle-induced band edge fluctuation; the edge of the TiO2 conduction band is lowered by the surface Au particles as shown by curve 2 of Fig.  5,13 ),14) preventing the electrons in the conduction band edge from moving into the interior. Through these two mechanisms the Au particles should depress the transportation of the conduction band electrons that are excited from the valence band. This is the reason why the UV photoresponse is decreased by Au particle incorporation in all of the present dye-deposited samples.
It should be noted that the extent of the decrease in the dye sensitization by Au particle incorporation is smaller in the rose bengal-ddeposited sample and larger in the fluorescein-deposited sample as can be seen in the action spectra (Fig. 4) . The rate of reduc tion in the photocurrent by gold particle incorpora tion was 66% at 500nm, 40% at 560nm, and 47% at 560nm for the fluorescein-, rose bengal-, and nile blue A deposited samples, respectively. Taking into account that the absorption band of the dye well over laps with the surface plasma resonance for rose ben gal and less for fluorescein, the smaller decrease in the dye sensitization for the rose bengal-deposited sample is considered to result from the larger coupling between the surface plasma resonance and optical absorption of the dye molecules. The decrease in the absorbance at 600nm and the slight peak shift to longer wavelengths were observed when the Au particles were incorporated in the rose bengal-deposited sample. This also implies the strong coupling between the rose bengal molecules and the Au particles. This dye-induced modification of surface plasma resonance was first observed by Glass et al.9) and was attributed to the dispersion in the real part of the dye refractive index and the en hanced absorption of the dye by Garoff et al. 18 ) and Craighead and Glass.19) Dissipative energy transfer from the excited dye molecules to Au particles should also be taken into account for understanding the decreased dye sensiti zation. It is the dipole-dipole coupling between the dye molecules and the large, induced dipoles in the metal particles that enhances the optical absorption of dyes. However, as is suggested in a theoretical work by Nitzan and Brus6) and in an experimental work by Wokaun et al., 8) energy can also be trans ferred dissipatively from the excited dye molecules to higher multipole resonance modes. Since these higher order modes do not radiate significantly, this process constitutes a loss of excitation energy.6), 8) Because the local field enhancement and the loss of excitation energy by energy transfer have different dependence on the dye-metal separation,6),8) pho tochemical processes are suppressed for dye molec ules adsorbed directly on the metal particles, but in crease to a maximum at a well-defined dye-metal separation. In the present electrode samples, there may be many dye molecules that are directly ad sorbed on the Au particles, resulting in the increased dissipative energy transfer from the dyes to Au parti cles. If the dye-metal separation can be well-con trolled at an optimal value, the energy loss is expect ed to be effectively lowered.
Conclusion
Effects of gold nanoparticle incorporation on the photoanodic properties were studied for the dye-sen sitized TiO2 film electrodes. The incorporation of gold particles decreased the UV photoresponse and the dye-induced photoresponse in the visible region. This decrease in the photoresponse was thought to result from the retarded electron transport in the con duction band due to the Schottky barriers at titanic/ gold interfaces and the band edge fluctuation in duced by the gold particles. The extent of the decrease in photoresponse, however, was the smallest for the electrode sample with rose bengal. This may be due to the overlap of the optical absorp tion of rose bengal with the surface plasma resonance of the gold particles, which causes a di pole-dipole coupling between the dye molecules and gold particles. Because the dye-metal separation is not well controlled to an optimal value, dissipative energy transfer from the dyes to gold particles can occur, which lowers the energy excitation.
